UNCLASSIFIED

AD NUMBER

ADB135605

NEW LIMITATION CHANGE

TO

Approved for public release, distribution
unlimited

FROM

Distribution authorized to U.S. Gov't.
agencies and their contractors; Critical
Technology; 10 Mar 1988. Other requests
shall be referred to Commander, US Army
Medical Research and Development Command,
Fort Detrick, MD 21701-5012.

AUTHORITY

USAMRDC memo, 7 Jun 1994

THIS PAGE IS UNCLASSIFIED




THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE
COPY FURNISHED TO DTIC
CONTAINED A SIGNIFICANT
NUMBER OF PAGES WHICH DO
NOT REPRODUCE LEGIBLY.




One FILE u.')‘

0 AD -
[ )
© TURNOVER OF ACETYLCHOLINE RECEPTLRS: MECHANISMS OF REGULATION
g ANMUAL REPORT
F
@
[a) DANIEL B. DRACHMAN
ALAN PESTRONK
L= ¢ DAVID R. RAMSAY
SACMT LIPSKY
GRLANDO AVILA
AUGUST 1, 1987
Supported by
: ey
D i IC U.S. ARMY MEDICAL RESEARCH AHD DEVELOPMENT COMMAND
ELE LTF fort Detrick, Fraderick, Maryiaad 21701-5012
AUG 3 0 1989 1 &; 2

Contrect o, DAMDLT-B85-L-5059

Johns Hopking University
School of Madicine
» Baltimcre, Maryland 21205

Distridution autirized to US Govermment agencies and their contractors; critical
technology, adminictrative/operatfonal use, (10 March 1988). Other requests for
this document shall be referred to Commander, US Army Medical Research and
Development Command, ATTN: SGRO-RMI-S, Fort Datrick, Frederick, Maryland 2¢1701-

5012.

The findings in the report are not to be construed as an official Department of
the Army positicn unless so designated by other authorized documents.

Dwa

89 8 28 146




-

RITY CLASS A 10N i PA

4 PERFORMING ORGANIZATION REPORT NUMBER(S) $ MONITQRING ORGANIZATION REPORT NUMBER(S)

7
REPORT DOCUMENTATION PAGE OWE 7260304 0188
Exp Date Jjun 10 1986
e REPORT SECURITY CLASSIFICATION 1d RESTRICTIVE MARKINGS
| 't (21
28 SECURITY CLASSIFICATION AUTHORITY : 3 DISTRIGUTION/ AVARABIUTY OF REPORT -
Distribution authorized to US Government agenqles
b DECLASSIFICATION/ DOWNGRADING SCREOULE and their contractors; critical technology,
/ administrative/overational use, 10 March 1988 ¢

68 NAME OF PERFOAMING ORGANIZATION FICT SYMBOL Ta NAME OF MONITORNG ORGANIZATION
Sppicabie)

Baltimore, “arwvland 212085

5¢. ADORESS [ Oty, State, ang i Cooe) 7b. ADORESS (Cty, Stace, ang 2% Code)

80 OFFCE SYMIOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

Ut sppixcabie)

8a. NAME OF FUNDING / SPONSORING
ORGANIZATION U.S. Army Medical

[ Begearch § Develooment Commar i -9 DAMD1 7-85-C-3069
8c. ADORESS (City, State, and 2iP Codle) 10 SOURCE OF FUNDING NUMBERS
PROGRAM PANIECT TASK ORK_ UNIT
Fort Detrick, Frederick, MD. 21701-5012 ELENENT NO. "‘03'!{&62, iy RCCESSION O
62734A 7344875 Al 365

11 TITLE {inciucie Secunty Clissification)
(U) Turnover of Acetylcholine Receptors: Mechanisms of Ragulation

12. PERSONAL AUTHOR(S) Danisl B. Drachman, M.D., Alan Pestroank, M.D., David R. Ramsay, M.D.,

T kv Orland~ Avila, M.D,

Tia. TYPE GF ACPOPT 130 To RED T& OATE OF REPORT (Teas, Moneh, D0y |15, PAGE COUNT
el no:gﬁy_g_é_ r07/31/871 1987 August 1 36
16. SUSPLLMENTAAY NGTATION
i7 Cosar CODIS T8 SUBJECT TERMS (COmnue on reverse -/ necesiary and Wty By BIock rumber)
FLO GROUP SUSGROUP! b ::tylc*‘:ﬁ“ ;’“‘P;“'} RAS
. romuscular junctions:
& é; S Motor nervex (continued on reverse)—=>

19. A85TRALT (Continue on reverse i/ necessary and dertfy by ok u-rber)
-~ “~—5The synthesis, insertion and degradation of acetylcholine-receptors (AChRs) of skeleta!l

1 11s are closely regulated both by the muscle cells and by the~motor_nerves that
Tunoly th The goal zf this project is to elucidate the mechanisms of regu ation of the

supply them.
g[?ﬂr;ular 1un$§§gn and at extrajunctional fons.
A o e L3sTe -q-BuTx) as a label to follow the metabolic tumovq

We have used 1251cacbungarotoxin
of AChRs both in vivo and in tissue cultu
specifically binds to the sRNA fur the a-s

requlation), as well.F mse (oo c oo
. [N
s L

ing tha past year, our studies have : ‘
?)‘rSy"gthosi:.mdy:nsc'rtion of AChRs of the normal neuromuscular junctfon is rapid. New

receptors are inserted at the rate
(continued)

Recent exceriments have used cONA that

nit of the AChR to measure mRNA (gamr

"0 cormorsastind o Q.,n.-&—-—; ! @t‘*ﬂww‘dy;'

of 165 within 24 hrs. and 20% at 48 hrs. This rapid rate

P4

20 OISTRIGUTION/ AVARASILITY OF AL,TRACT 21 ASSTRACT SECUMITY QLASSMCATION
CuncLassirtounumTio ) SAMmE ag et one usens | Unclassified

120 NAME OF RESPONSIBLE 'NOIVIOUAL 220 TELEMMONE (incivtie Aree o) | 22¢. OFFICE SYMBOL
Mary Frances Bostian (301)663-7328 SGRD-RMI~S

‘0 FORM 1473, sa Mar 8] APR 0@:t:0n May B0 used u.1til exNRuLtEE . CMCATION I8 Thig Pa
All Other SGriens 47¢ Gb0Iete.



18. Subject Ter-s (continued)

J—
“-Neurotrans-itters,

Trophic control,

Receptor turnover.
~ Anti-acatylcholine 1 ceptor antibodies

<> Messenger RMA ol .
Receptor stabﬂiution/' Fw;ia ..,b. Sv-J--p J;‘(""')"

19. Abstract (continued)

is sufficient to compensate for the degradation of both the rapidly turned cver ACh receptors
and the stable ACh receptors at the neuromuscular junction.

2) Rapidly turned over AChRs serve as precursors for the stable AChRs at the neurcmuscuiar
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These findings are leading to an understanding of the turnover of AChRs at the
neuromuscular junction. From the military point of view, they provide important information
regarding the recovery of blocked or damaged neuromuscular junctions.




Foreword

In conducting the research described in this report, the investigators adhered to
the "Guide for the Care and Use of Laboratory Animals,” prepared by the Committee
on Care and Use of Laboratory Animals of the Institute of Laboratory Animal
Resources, National Research Council (DHHS Publication Ne. (NIH) 86-23, Revised

1985).
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I. 1. Introduction:

As described in our original proposal, the major goal of this
investigatfon is to learn more about the mechanism: that regulate the synthesis
and turnover of junctional and extrajunctional acetylcholine receptors (AChRs).
During the past yea-, we have made significant progress in many aspects of these
studies. The results of these are detailed in II. Progress. Our ¥findings,
detailed in Section II indicate the following:

a. Junctional AChRs are rapidly synthesized.

b. The rapidly turned over junctional AChRs (RTOs} »- precursors of the
stable junctional AChRs.

c. The motor nerve plays an important role in “stabilizing” a‘pmpcrtion
of the RT0s, converting them to the stable form, : '

d. ACh transmission plays a role in maintenance of stability of junctivnal
AChRs.

e. MWe have acquired cDNA probes for several subunits of the AChR, and are
using them in studies of AChR turnover,

f. Preliminary evidence indicates that ACh transmissfon plays & key role
in regulating transcription of the mRNAs for the AChR subunits.

g. MWe have published results indicating that several cations (1fthium,
ca}ciua..:gd}un) dowr-regulate the synthesis of AChRs n a skeletal muscle cell
culture el. ' ‘ .

2. Brief Rastatement of Overall Resesrch Prchlem and Ratfonale

Both the distribution and turnover of acetylcholine receptors (AChRs) of
masmalian skeletal muscles are regulated to a large extent by the motor nerves.
In {nnervated muscles, AChRs are localized almost exclusively at neuromuscular
juncticns (Axelsson and Thesleff, 1959; Kiled!, 1960, Albuquerque et al., 1974;
Fertuck and Salpeter, 1974; Kuffler and Yoshikami, 1975). Following
denervation, a great fncrease of extrajunctional AChRs occurrs (Mfledi, 1960;
Miled! and Potter, 1971; Lee, 1972; Chang et al., 1975; Hertzell and Fambrough,
1972; Pestronk et al., 1976a,b), presumably due to increased synthesis of AChRs
(Fambrough, 1970; Grampp et al., 1972; Brockes and Hall, 1975b; Devreotes and
Fambrough, 1976), resulting from increased transcription of the appropriatc mRNAs
(Merlie ot al., 19684; Goldman et al,, 1985).

Junctional ACh Receptors:

AChRs of neuromuscular junctions differ {n many respects frca
extraiuactional AChRs. They ars densely packed, located mainly at the peaks of
post-junctional folds (Mathews-Bellinger and Salpeter, 1978). They differ
physiologically, physicochemically and {mmunoiogically from extrajunctional AChRs
(Brockes and Hall, 1975a; Lindstrom et al., 1976; Neher 2nd Sakmann, 1976;
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Sakmann and Brenner, 1978; Schuetze and Fishbach, 1978; Weinberg and Hall, 1979;
Dwyer et al., 1981; Brenner and Sakmann, 1983) (as described in the original

proposal),

One of the most important characteristics of junctional AChRs, which is a
major focus of this research, is their metabolic stability, with a half-l{fe
previously reported to be between 6 and 13 days (In mena) (Berg and Hall,
1975; Chang and Huang, 1975; Stanley and Drachman, 1978; Linden and Fambrough,
1979; Bevan and Steinbach, 1983). Mo have recently reported that the AChRs at
fanervated neuromuscular junctions are actually comprised of two subpcpulations
with strikingly aifferent rates of turnover (Stanley and Orachmanm, Igﬁgi. 198:7.
The majority o¥ Junctional AChKs are stable, with a half-life of 11 to 12 days.
The remainder, which we now estimate To be 20 to 25% of the total, are rapidly

turned over (RTOs) with a half-l1ife of approximately 1 dﬁ$x This finding 1s

based on our detailed analysas of degradation curves of labeled AChRs,
using an in vivo mouse model (Stanley and Drachman 1983a, 1987). This result,

which we have repeatcdly confirmed in the course of our subsequent studies
described below, leads to several conclusions and predictioms:

First, 1t predicts that the rate of synthesis and insertion of junctional
AChRs should be more rapid than previously estimated, In order to replace the
rapidly degraded AChRs.

Second, this may explain the rapid recovery from certain neuroparalytic
toxins. Recovery from {rreversible ;Cﬁl Elocli; ng agents (such as a-bungarotoxin
(a=BuTx)) 1is known to occur far more quickly than would be expected on the basis
of dissociation of the toxin.

Third, 1t sugnests that the turnover of RT0: alone accownts for the majority
of the overall juactional receptor turnover. Aithough the population of rapidly
turned over AChRs is only 20 to 25% of the total AChR population, 1t3 rate of
turnovar 13 10 times a3 rapid as the vate for the stable AChAs,

Fourth, and perhaps most signif‘cantly, the rapidly %«d [RTO
sub lation of juncticral AChRs appear to be precursors o stabie AChRs.

Our progress to date (see below Section II-Tasks 1,2,3) strongly supports:
a) the rapid synthesis of junctional AChRs (Ramsay and Drachman, 1938)
b) the concept that the RTOs are converted to stable AChRs

Neural control of junctional ACh receptors:

There 1s adundant evidence that many of the projerties of junctional AChRs
are reguiated to a large extent by the motor nerves (Sai and Loring, 1986;
Schuetze and Role, 1987). For example, the ‘onic channel properties of short
open times and high fonic conductances are dependent on moter fraervation (Nehe-,
and Sakman 1976; Salmann and Brenner, 1978; Schuetze and Fishbuch 1978; Schuetze
et al., 1978; Sellin, 1981; Brenner, 1983). Clustering of ACMs occurs at the
site of contact between the motor nerve endings and the muscle call membrane
(Takeuchi, 1963; Anderson and Cohen, 1977; Bevan and Steimbach, 1977; Burden,
1977; Reiness and Weinberg, 1981). Some nerve-induced modification of the
mesbrane (possibly the basement membrane) s thought to deterwine the high
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density accumulation of AChRs at this site (Burden et al., 1979). Stability of
unctional AChRs is also dependent on the motor nerve. Both the inftia
ag_g_garance of stable AChRs during develcpment (Burden, 1977; Reiness and
eTnberg, 1381), and the conﬂnuga maintenance of AChR stability (Chang and
Huang, 1975; Bevan and Steinbach, 1377; Brett and Younkin, 1979; levitt and
Salpeter, 1981; Stanley and Drachman, 1981) require some influence of the motor
nerve,

Oue of our majo: results during the past year has been the experimental
demonstration that the motor nerve "stabilizes® a proportion of the rapidly
turned over junctional AChRs, converting them to the stable form {see Progress,
Section II, Task 2).

Littie is presently known about the mechanisms by which these changes in
Junctional AChRs are brought about. There is some evidence that the initial
localization of the nerve-muscle junction and clustering of AChRs {involve nerve-
muscle contact, rather than neurotransamission (Steinbach et al., 1975). 0O the
other hand, normal channel properties of junctional AChRs may require ACh
transmission {3ellin and Thesleff, 1981). One of the hypotheses that we are
testing in these studfes is that ACh transmission may have a role in the initial
3tabi}ization and the maintenance of stabflity of AChRs at the neurvmuscular
Junction.

We now have preliminary evidence suggesting that ACh transmission plays a
role in maintenance of stability of junctional AChRs (see Section II, Task 7).

Extrajunctional ACh Receptors:

In normally innervated muscles, the density of AChRs at extrajuncticnal
regions 1s very low -- typically less than 20 a-BuTx Binding sites per wk fur-
the soleus muscles of rodents (Pestronk et al., 1976a,b; Fasbrough, 1$79).
However, the density of extrajunctional AChRs s increased in skeiztal muscie
cells that lack innervation (immature, or denervated mature muscle) (Axelsson and
Thesleff, 1959; Miledt, 1960; Miledi and Potter 1971; Diamond and Miledi, 1962;
Dryden, 1970; Fambrough and Rash 1971; Lee, 1972; Letinsky, 1975; Pestronk et
al., 1976a,b; Bevan and Steinbach, 1977; Drachman et al., 1984). The high
density of extrajuiictional AChRs in these situations i3 thought to be due to a
kigh rate of receptor synthesis (Fambrough, 197G; Grampp et al., 1972; Brockes
and Hall, 19750; Devreotes and Fambrough, 1976). Recsat evidence indicates that
there 1s a high rate of transcription of the genes for the various subunits of
AChR, resulting appropriate n denerva
miscle (Merlie et al., 1984; Goldmen et al., 1985). CDNA probes are row
a\'uﬂ.;g;;)for these eRNAs (Merlie et al., 1983; LaPolla et al., 1984; Boulter et
[ ] .9 L]

We have made progress in acquiring cDNA probes for the a-, B-, and delta-
subunits, and are using them as sensitive and particularly relevant probes in our
studies of AChR turnover (see Section II-Task 4),

Neural Control of Extrajunctional ACh Receptors:

It is clear that the motor innervation plays a dominant role in regulating
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the syrthesis of extrajunctional AChRs (see above, and Fdwards, 1979; Fambrough,
1979). The questions of a) how the nerve's influerce i. mediated, and b) how the
message is translated at the level of the muscle cell have been subjects of
intense interest, ana are addressed in our studies (see Progress). We have
previously demonstrated the critical role of ACh transmission from the motor
nerve in mediating the nerve's "trophic" influence in regulating expression of
extrajunctional AChRs, A1l 3 forms of ACh release -- impulse dependent,
spontanecus quantal, and spontaneous non-quantal -- appear to contribute to this
effect (Orachman et al., 1982). Heretofure, the key evidence for the role of
AChR has been derived from experiments in which pharmacological agents have been
used to hlock the various f?ms of ACh transmission, and the number of surface
AChRs has bean measured by 125]1-a-BuTx binding. The availability of the new cDNA
proves for AChR mRNAs greatly improves our ability to determine the mechanisms of
AChR regulation, because: 1) changes in mRNA occur much earlier than changes in
the surface AChRs; and 2) the changes in the appropriate miNAs appear to reflect

the regulatory influences more directly.

During the past year, we have made progress in these studies sugyesting that
ACh transmission plays a key role in reguhging transcription of these mkNAs (see
Section II, Task 4). Since this methnd provides a rapid indication of the
nerve's regulatory influence, it should allow us to obtain more direct answers to
these critical questions of neural regulation of AChRs.

At the level of the muscle cell, there is now a growing body of evidence
that various cations may have important regulatory effects on the metabolism of
ACh receptors of skeletal muscles.

During the past year, we have published the results of studies showing that
several cations (1ithium, calcium, sodium) down-regulote the synthesis of AChRs
in a skeletal muscle ce!l culture model {Pestronk and Drachasa, 1987). ke have
now begun to use the CDNA probes to study the regulation of ALER synthesis in. the
muscle cell cuiture system. Our prelimirery findings sucgest that inmervation-
1ike effects can be produced in this system by: a) cholinergic agenists; b)
various cations; and c) phorbol esters (see Progress, Sectiom II-Task 4).

11. Progress (8/1/85 - 7/31/87)
Overall Progress
During the past year we have made excellent pregress in our studies of

requlation of AChRs in skeletal muscle. We are keeping up well with the
anticipated timetable. We have completed studies supporting several of the

central features of our hypothesis of neurally regulated stabiifzation of rapidl
turning over AChRs at the neuromuscular iuncf‘on. Furthermore, we are applygng
newer methods of molecular biolcqy and immunochemistry, which are yielding
important information regarding fundamental goals of this project.

Task 1. To determine the time course of new AChR synthesis and insertion.

During the past year, we have completed the rminin? experiments in this
project, prepared a manuscript, and submitted it for pubiication (Ramsay et al.,




in press).

This study s based on the idea that in order to maintain a constant number
of AChRs at the neuromuscular junction, the rapidly degraded AChRs (RTOs) must be
replaced at a corresponcingly rapid rate, mich taster than previously supposed.
This study was designed to evaluate the rate of synthesis and insertion of
junctional AChRs after irreversible blockade of pre-existing AChRs with a-BuTx.
During the initial year of this contract, we carried out ceveral parts of this

study:

We found that the synthesis and insertion of junctional AChRs was inftially
extremely rapid; by 24 hours, 16% of the junctional AChRs had been synthesized
and inserted, while 28% were present at 48 hours. The remainder of the time
curve was slower, as predicted by our previous studies of degradation of AChRs.

Control experiments showed that this rapid reapnearance of a-BuTx binding
sites could not be attributed to "un-binding” of a-BuTx so as to reexpose the

original sites.

In order to complete this study, we have carried out two additfonal series
of experiments during the year just ended (1986-87):

1) Degradation of junctional AChRs in the sternomastoid (SM) muscle of the
mouse (Fig. 1). :

Our previous studies of AChR degradation had been carried out in the
diaphragm of the mouse. The synthesis experiments summarized above required &
muscle (a) that could be completely blocked with a-BuTx, 2nd (b) in which the
junctional AChRs formed a discrete band suitable for dissection and measurement,
for these reasons, we used the sternomastoid muscle. It was therefore aAecessary
to ascertain whether the sternomastoid (SM) muscle showsd a pattere of
degradation of RTOs and stable junctional AChRs similar to that
previously found in the diaphragm. We have now carried out studies of
degradation of AChRs in the sternomastoid musclies, as follows:

Methods

125]_5-84Tx (1.4 g in 10 ul) was fnjected into the left SM muscles of

123 female Swiss mice. (Note that a slightly larger amount of labeled a-BuTx was
Yf!d for AChR saturation because of possible inactivation of 3 Traction of the

I-a-BuTx during the fodination procedure.) At varfous cimes, from 3 hours to
19 days after labeling, groups of 6 to 17 mice were killed, and the left SM
muscles removed. Care was taken to wash the muscles free of any unbound
radioactivity: The muscle was flushed by injecting 0.2 ml of wash medium, and
was then rinsed repeatedly until no further radiocactivity was detected in the
wash medium. End-plate specific radioactivity was then determined as previously
described (Stanley and Drachman, 1983a, 1987).

The tine point 3 hours after labeling was taken as "zero time.® All
subsequent counts *ere expressed &s a fractfon of the total end-plate counts
present at the zei. time, and the means were plotted on a log scale against time.
Straight lines were fitted to the points by the method of least squaras, and
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half-1ives of AChRs were calculated from their slopes, as previouslv described
(Stanley and Drachman, 1983a, 1981, 1987).

Resultsé

The degradation curve (Fig. 1) showed an initial rapid loss of radiolabel
during the first three to four days, followed by a much slower consiant rate of
loss thereafter. This indicated the presence of 2 classes of receptors - {.e. -
RTOs and stable AChRs - in the SM muscle. The half life of the stable AChRs was
10.6 days. The calculated half-1ife of the RTOs was 18.05 hrs (Fig. ' Inset).
These findings, which are closely similar to those in the diaphragm, confirmed
that the SM muscle has a subpopulation of junctional AChRs that are rapidly
degraded as well as the population of stable AChRs.

2) Effect of a-BuTx injection on the number of junctional AChRs.

Since the method used to measure newly synthesized and inserted AChRs
entails preiiminary blockade by a-BuTx, we tested the possibility that the
blockade procedure itself might induce a change in the number gf Junctional
AChRs. For this purpose, the initfal injection consisted of 1251-1abeled a-BuTx
to block as well as label the AChRs in 54 muscles of 13 mice. The SN musi'lgs of
these mice were relabeled after 24 hours or 48 hours by reinjection with 125]-a-
BuTx, and a grous of controls were also labeled. After § hours, the SM muscles
were removed, thoroughly washed for 48 hours, and the end-plate specific
radfoactivity detarmined as described above. There was no significant difference
(p > 0.1) in the amour.t of bound radioactivity in the m‘.‘:{;glocked muscles, as
compared with the controls (controls, 89.1 femtomoles of 1<9]-a-BuTx/ muscle :
3.3 (SEM); 24 haurs, 82.2 + 5.3; 48 hours 95.3 ¢ 3.8) which indicates that a-BuTx
blockade does not induce a change in the number of AChRs,

Interpretation:

The results of this study show that synthesis and {nsertion of
Junctional AChRs is appropriately rapid to compensate for the degradation of both
the RTOs and the stable AChRs at the neuromuscular junction. New receptors are
inserted at the rate of 16% within 24 hours &nd 28% at 46 hours. This is
significantly faster than the rate needed to replace the stable AChRs alone,
which would require replacement of only 5.5 of the total receptor populatio

during the first day. :

This finding of rapid appearance of a subpopulation of AChRs at
neuromuscular junctions {s consistent with previous reports from this laboratory
(Stanley and Drachman, 1983a, 1987) and others (Bevan and Steinbach, 1983) of
rapid degradation of 3 subpopulation of junctional AChRs {m the diaphragm. Since
the present experiments required the sternomastoid muscle, we have now sgudied
the pattern of degradation of AChRs in the sternomastoid as described above. and
showmn that 1t closely parallels that of the dicphragm. e have also carried out
control experiments which showed: a) that the initfal injection of a-BuTx totally
bTocked pre-exTsting AChRs; b) that “un-binding® of toxia could not account for
the rapid reappearance of a-BuTx binding sites; c) that blockade of the AChRs per
se could not 'nduce an increase in junctiona® AChRs.
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The evidence thus indicates that new AChRs are rapidly synthesized and
inserted into the neuromuscular junction, sufficient to replace those lost by
both rapid and slow degradation. This confirms the concept of two subpopulations
of AChRs at the normal innervated neuromuscular junction.

We have preserted evidence elsewhere that a proportion of the RTOs
serve as precursors for the stable AChRs at the neuromuscular junction (Stanley
and Drachman 1983b,1987 and tasks ¢ and 3.) Further, the stabilization process
requires some influence of the motor nerve. It will be Important tc determine:

{a) the mechanism by which the motor nerve converts RTOs to stable AChRs, and (b)
the bicchemical or structural differences between RT0s and stable ACkRs.

Task 2. To determine whether denarvation prevents post-insertional
stabiljzation of junctional AChRs.

We have postulated that the RTOs are precursors of stable receptors at
the neuromuscular junction, and that the stabilization process depends on some
influence of the motor nerve (Stanley and Drachman, 1983b). In this study, we
have tested this hypothesis in Ehe mouse sternomastoid muscle by: 1) labeling
junctional ACh receptors with 1¢51-a-BuTx: 2) denervating the SM muscle: 3)
following the fate of the RTOs through a 6 day period when they were either
degraded or convertad to stable ACh receptors.

Our hypothesis predicts that denervation saould prevent the conversion
of RT0s to stable receptors, and would therefore result in 3 deficit in the
number of stable ACKRs in the denervated muscles as compared with the innervated
muscles. Our results as described below strongly support this hypothesis (Fig.

2, Table 1). :

#ethods: .
1. Ladeling of junctional AChRs with "enhanced populations of RT0s.”

As noted previously, the RTO subpopulation normally constitutes only a
relatively small fraction (approximately 15%) of the total AChR population at the
neuromuscular junction. In order to detect changes in stabilization of these
AChRs, it is helpful to follow a population with an enhar.ced proportion of
labeled RTOs. For this purpose, the SM muscles of 20-25 gram Temale Swiss mice
were injected with 0.75 yg a-BuTx, to blgck all pre-existing AChRs. ' Seven days
later, the "new® AChRs are labeled with 1251-a-BuTx., At that time spproximately
30% of the AChRs in this pool are RTOs.

2. Unilateral Densrvation; measurement of stabflization of AChRs.

Three separate series of experiments involving 135 mice were used for this
experiment. The SM muscles were bilaterally blocked with a-BuTx, as above, to
produce enhanced populations of RTOs.

6 days later, the left SM muscles in all mice were denervated surgically.

24 hours later (in order to allow the effect of denirgation to take place)
the SM muscles were bilaterally labeled by injection of 125[-a-BuTx.

Groups of mice were killed,”J hours after labeling, and then at daily




-11-

intervals for 5 days. Both SM muscles were removed from each animal, and
erdplate-specific radioactivity was measured as previously described (Stanley and

Orachman, 1983a, 1987) .

Results:
The results are presanted in Fig. 2 and Table 1.

The major finding of this study is that denervation resulted in a
significant deficit of AChRs that cccurred promptly in the muscles with a mixed
population of RI0s and stable AChRs, The deficit, which is attributed to failure
of stabilization of AChRs, was 6.6% by 1 day after labeling (2 days post-

denervation], and Tncreased to 10.4% by 4 days after labeling (5 diys post-
denervation).

Control experiments described telow show that the denervation-induced AChR
deficit cannot be attributsd efither to a) asymmetry of mouse SM muscles, oi- to b)
accelerated loss of stable AChRs per se. ‘

Control Experiments

a) Sysmetry of SM muscles:

Methods: Since the results of the above experiments are based on
comparisons of the left (denervated) and right (innervated) SN muscles in the
experizental female Swiss mice, 1t was important to determine whether there is a
consistent discrepancy or significant variability in the mmbers of junctional
AChRs in the paired (left and riaht) muscles of the mice. We therefore labeled
Junctional AChRs with “enhznced populations of RT0s,” exsctly as ia the . - - .
experimental group, but the musclcs were not denervated. The radiasctivity bound
to Junctional AChRs was mexsured as above, &nd the ratio of redfosctivity bound
to the left/right St muscles expressed as 3 percentage,

Results: The results showed that there was no consistent difference between
%h;]nu"isl)er of junctional AChRs in the left and right SM muscles (see Fig. 2 and
‘ . 3 :

b) Effect of denervation on stable AChRs: Denervaticm csuses acceleration of
degradation of stable junctional AChRs, but this does not occur until after a
latent period. Since the present expariment follows the fate of ACkRs during a 6
day porE& aTter denervation, an important control is to evaluate the effect of
denervation on the turnover of stable AChRs during the 6 day period.

Methods: Labeling of stable AChRs: AChRs are first labeled by injection of
1251.3-BuTx. By the end of 5 days (1.e. - >6 half-lives), the number of labeled
RT0s remaining 1s negligible (2). The labeled AChRs thea consist entirely of the

stable subpopulation,

At this time (7.e. - 5 days after labeling), the left SM muscle was
surgically denervated. Groups of nice were killed at intervals of 3 hours to 7
days later. The radiocastivity bound to their junctional AChRs was measured as
above, and the ratio of radicactivity bound to the left/right SM muscles
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expressed as a percentage.

Results: The results showed no deficit of stable AChRs in the denervated SM
muscle, as compared to the innervated side, during the first 5 days after
denervation, However, on the 6th day, the degradation rate increased, and a
significant deficit of AChRs then appeared in the denervated SM muscle. These.
results show that the early deficit of AChRs seen in the experimental group
(above) cannot be attributed to loss of stable AChRs.

Statistics:

Because of the crucial importance of this experiment, and our anticipation
that the differences might be relatively small, we uced: a) large numbers of
animals in each group; b) several methods of parametric and non-parametric
anailysis, including the Wilcoxon ranked pairs test, the Mann-Whitney U test (ore
tailed), analysis of variance, and analysis of covariance. We thus compared
groups on each individual day of the experiment, and also compared trends of the
curves generated by the experimental and control experiments.

The results of statistical calculations showed that the differences between
denervated and non-denervated muscles were highly significant (p < 0.002) for tie
experimental group at all time points from 1 day after labeling through 5 days.
By contrast, none of the control groups except the 6 day post-denervation stable
AChRs showed significant differences between left and right muscles.

Analysis of variance showed a highly significant difference between the
experimental and each of the two control groups (p < 0.01).

Analysis of covariance showed a highly significant difference between the
experimantal curve and each of the conirol curves (p < 0.002).

Interpretation:

NHe have postulated that the RTOs are precursors of the stable junctional
receptors, and that the stabilization process depends on an influence from the
motor nerve. Our hypothesis predicts that denervation should prevent the
stabilization of RTOs, and thus result in a deficit of stadble ACh receptors at
the neuromuscular junction.

The results of the present experiments strongly support this interpretation.
At the time of denervation, and at the time of labeling the AChRs, there was no
difference in the number of AChRs in the SM muscles of large grouns of mice.
However, by 24 hours later, there was a significant deficit on the denervated
side, which increased over the course of the next 4 days. This deficit is
attributable to failure of conversion of RTOs to stable receptors.

The deficit cannot be accounted for by rapid loss of the pre-existing stable
receptors, since our control experiments showed that acceleration of degradation
of stable AChRs does not begin until 6 days after denervation---much later than
the appearance of the deficit. e also ruled out a trivial ariifact of asymmetry
of mouse SM cuscles to explain the deficit on the laft side.

Thus, our results strongly support the hypothesis that the RTOs are

¢
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precursors for the stable receptors, and that an intact aotor nerve supply is
necessary for their conversion to stable receptors. This concept has certain
interesting impiications regarding the normal biology and pathogenesis of

disorders of the neuromuscular junction. From the milita oint of view

this has important application to recovery Trom toxic 1mc¥!vaﬂon of AUhRS.
1. The present findings are consistent with previous evidence that motor

innervation plays an importan{ rola fn the stabylization process. During

development, AChRs are not stabilized prigr to innervation of skeletal muscle
(Schuetze and Role, 1987). After denervation, the degradation rate of pre-
existing stable receptors accelerates (Stanley and Drachman 1981; Bevan and

Steinbach, 1983; Salpeter and Loring, 1985; Schuetze and Role, 1987).

2. The stabilizing action of the motor nerve must be rapid. 1n the
denervated muscles, the majority of the receptor deficit is apparent by 24 hours.

3. The mechanism by which the motor nerve conveys its stabilizing influence
remains o be determined. One of the goals of this project is to study how the
motor nerve stabilizes junctional AChRs. Elsewhere in this anmual report (see
task 7) we present preliminary evidence that ACh transmissicn may be involved 1n
the maintenance of stability of junctional AChRs.

4. The differences between rapidly and slowly turned-aver AChRs have as yet
been defined only in terms of their metabolfc stability. Undoubtedly this must
reflect some critical biochesdcal or structural differences between the two types
of receptors, Possible changes that might stabilize AChRs include chemical
modifications of the AChR molecules (for example by phosphorylation, acylation
or methylation); attachment of AChRs to cytoskeletal elements; alterations of the
surrounding microervironment of the synaotic membrane; or localization of the
stable AChRs to a regicn of the membrane that turns over slowly (Salpeter and

Loring, 1985).

5. The present findings, together with the results presentad previously
(Stanley and Drachman, 1987) suggest that stabiifzation of AChRs at the
neuromuscular junction occurs after transcription, translatiom, and insertion of
the AChR molecules. RTOs and stabTe receptors would therefore have a common
origin, and 1t would be unnecessary to postulate the synthesis of two different
species of AChR molecules at mature innervated neuromuscular junctions. (This
point should not be confused with recent evidence which suggests that

extrajunctional AChRs in immature muscles may have a different subunit
cmodﬂon (Rishina et al., 1385).)

6. From a teleological point of view, the conversion of RT0s to stable
AChRs has several advantages. The fact that RTOs are continuously being replaced
at a rapid rate affords considerable protection against loss of AChRs from
whatever cause. This rapid turnover can account ;or the observation that
recovery Trom blockade of AChRs with irreversible blocking agents such as a-BuTx
occurs more quickly than expected. If all the AChRs were turned over slowly with
8 half 1ife of the stable AChRs, 1t would take approximstely 6 days to recover
the 25 to 30% that are required to maintain synaptic transmission. The rapid
turnover of a sizeable subpopulation of RTOs results {n recovery of neuromuscular
transmission within 2 to 3 days, consistent with experimental observations.
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7. The fact that the majority of junctional receptors are stable, and turn
over at a slow rate is also advantageous to the econ of the muscle cell. If
all the junctional AChRs turned over at the rapid rage of RiUs, 1t would greatly

increase the resources expended in maintaining the complement of AChRs.

Summary:

The results of our studies to date suggest a working concept of the turnover
of junctional AChRs that we have illustrated in cartoon form in Figure 3. A
single molecular species of AChRs is synthesized and inserted at the
neuromuscular junction, representing the pool of RTOs. The large majority of
RT0s are lost through rapid degradation. A fraction of RT0s are modified to
become stable AChRs. This “"stabilization® process requires some action of the
motor nerve. Thus, the neuromuscular junction contains both RTOs and stable
AChRs, but all the receptors originate as RTOs. The completior of this project
has represented a major commitment during the past year. We are now in the
process of writing a definitive paper on it, and plan to incorporate these
findings in our proposed mathematical model of junctional AChR kinetics.

Task 3: To determine whether depletion of rapidly turning over AChRs results in
a daficit o7 stable S.

This project was completed last year, and a publication (Stanley and
Drachman, 1987) is in press:

Task 4 (Objective II): To determine the effects of cations on A73R metabolism in
vitro. .

During the first ysar of this project, we carried out a study of the effects
of the cations lithium, calcium and sodium on the metabolism of extrajunctional
ACh2s, using & rot skeletal auscle tissue culture system. Our findings showed
that each of the catices reduced the ﬁgannt "synthesis” of extrajunctional
AChRs in this system, as measured by 1-a-BuTx binding. These findings have
now been published (Pestronk and Drachman, 1987).

Task 4a: Use of cONA Probes to Study hgghtion of Extrajunctional AChR
S!nthcsis:—ﬂeasurenent of Messenger or Receptors.

During the past few years, cDNA probes have become available for the RNA
messages for most of the subunits of AChRs of several species (Merlie et al.,
1983; LaPolla et al., 1984; Boulter et al., 1985; Mishina et al., 1986). These
powerful tools enable one to estimate the amount of the relevant miRNA directly,
by hybridization technigues (Merlie et al., 1984; Goldman et al., 1985). They
have major advantages in studying certain aspects of regulation of AChR
synthesis, including:

a) Changes in message levels occur gr_a{g_t{z. well before changes in
surface AChRs, thus facilitating experiments that can only be carried out on a
short term basis.

b) The changes in appropriasts sRNAs are thought to be closer to the level
at which regulation of synthesis of AChRs takes place, as compared with the more
remote and indirect effect of change fa the amount of AChR expressed on the
surface membrane.
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Because of these important conceptual and practical advantages, we have
devoted a major effort to acquiring the technology and skills forr preparing and
using cDNA probes for rodent AChR. We are applying these methods to two projects
that are directly germane to the goals of this contract - {.e., understanding the

mechanisms of ulztion of AChRs:
1T~ The roie of ACh transmission in the regulation of extrajunctional AChR

synthesis, in vivo.
2) The role of cations, messengers, and neurotransaitters in the

regulation of AChR synthesis, in vitro.

Methods:

RNA extraction from whole skeletal muscle - Total RMA {s extracted from
skeletal muscle by the following procedure: the muscle is minced, and
homogenized in 30 vols of 50 WM Tris, pH 7.5, - 100 mM NaCl - 5 =M EDTA - 1% SDS,
with a Briniman polytror at setting #5 for 3 10-second intervals. Proteinase K
is then added at a final concentration of 250 yg/ml, and the wixture incubated
for 60-90 minutes at 37°C. It is then extracted twice with phemo!:chloroform,
1:1, washed twice, with chloroform, and RNA is precipitated by the addition of
1/10 vol 3M NaAcetate ancC 2.2 volumes ethanol at -20°C overnight. The RNA pellet
is dissolved in water, and the concentration measured spectrophotomatrically at
0D 260, with the reference value of 0D 1.0 ~ 4U yg/ml.

RNA extraction from cultured cells - 60 nm dishes are washed twice with P3S,
and celTs are scraped ofT the dish with a rubber policeman. S dishes are pooled,
and cells collected by centrifugation. They are resuspended in lysis buffer
(0.14 M KaCl; 1.5 mM MgC12; 10 mM Tris, pH 8.6; 0.5% Triton-x-i00; 10 mM
vanadyl-ribonucleoside complexes) on ice for 5-10 minutes, then centrifuged. The
supernatant is removed, and incubated with an equal volume of 0.2 ¥ Tris, pH 7.5;
25 mM EDTA; 0.3 M Nall; 2% SDS, and 250 ug/ml Proteimase K for 20 minutes at
37°C. The remaining steps are the same as for skelotal amscle.

Preparation of mRNA: kA i eiuted from poly-0ligo-d (1) coluams as
uscﬂﬁs (RanTatis et al., 1982), and quantitated speciroghotomatrically.

RNA agarose gel electrophoresis and Northern blotting: Total RNA (5-10 ug)
or MR .4=0.5 pg) 1s denatu n a formamide-formaldehyde solution and
applied to a 1.5% agarose-63 formaldehyde 3el. After electrophoresis is
completed, the gel is marked, and overlaid with a piece of nitrocellulose paper.

Transfer is carried out as described (Manfatis et al., 1982). The nitrocellulose
is air dried, then heated at 80°C for 2 hrs, and stored, ‘

Preparation of "Slot Blots®: Slot blots can be used for msasurement of
specific $, prov ' ¢DNA probe being used is known to bind only to
a single band of RNA on gel electrophoresis. We first estadblished on Northern
blots of agarose gels that the cONA probe for the a-subunit of AChR binds only to
one band of RNA from {nnervated and denervated skeletal muscles, and muscle ce
cuTiures (Fig. 4).

Slot blotting has many advantages over Northern blots for our experiments:
a) Slot blots require 10 go 165-7013 Tess RNA than for Northern blots; b) binding

of RNA in this system is far more efficient (quantitative), s compared to
Northern blots; c) more samples can be run simultaneously (72 vs 20 for
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Northerns), thus permitting relfable intra-experiment comparisons.

Total RNA (1 ug) is denatured in 2 formamide - formaldehyde solution, and
applied to a well of an S&S "Minifold® slot blotting apparatus into which a
nitrocellulose filter {s inserted. The well is rinsed with buffer three times,
and then the nitrocellulose filter {s removed, zir dried for 1 hour at room
temperature, then heated to 80°C for 2 hours and stored.

Preparation of labeled cDNA: A cDNA clone for the x-subunit of the
acetylc%hne receptor was obtained as an M13 insert from Dr. J. Merlie of the
Washington University School of Medicine. JM 103 cultures are transfected with
this DNA. Total DNA 1s extracted, and the RF form of M13 is {solatad by cesium
chloride centrifugation, to be labeled by nicl. translation.

Nick translation: The double stranded insert containing the cDNA for the
AChR subunit was excised from the RF form of the M13 vector by digestion with ECO
Rl. The insert was isolated l%y agarose gel electrophoresis. The insert was
labeied by incorporation of 3ZP-dCTP, using a standard "nick translation”
procedure (Maniatis et al., 1982). The probe was then boiled to denature the
DNA, and added to the hybridization solution,

RNA-DRA hybridization: Nitrocellulose blots are prehybridized for 4 hours
at 42T Tn ormamide-3 x SSC-10 x Denhardt’'s -0.1% SDS-100 ug/ml salmon sperm
DNA. The labeled probe is added to a similar solution, except that it contains
5x SSC, and hybridization carried out for 24-72 hoirs at 42°C. The blots are
then washed for 10 minutes at 60°C in 2x $SSC-0.1% SOS. They were then washed for
45' at 60°C in 0.2x SSC - 0.1% SDS. The blots are then exposed to X-ray film for
appropriate pariods. Binding of DNA ‘s quantitated on a scanning densitometer

(LB},

Expariments:

‘E;Eﬁeri‘ment_ 1: Tha role of ACh transmissicn in the regulation of extrajunctional
Tak synthesis In yive. :

Denervation of skeletal muscie 13 known to result in an increase in the
amount of sRNA for the AChR. The purpnse of these experiments is to determine
whether this effect of denervation c.n be attributed to loss of ACh transmission.

In these experiments, we either a; surgically denervated the rat soleus
muscle by sciatic nerve avulsion; or b) bYocked quanta ransmissfon, using
botulinum toxin. Groups of rats were kiTVed at %nfervals of 28 hours to 12 days
later. We measured the mRNA for the a-subunit of AChR, using either Northern
blot, or more recently the sensitive "slot-blot” techniques.

We first determined the time course of the change following denervation. 58
soleus muscles of female Sprague-Dawley rats were denervated by sciatic nerve
section. At time intervals from 1 to 12 days later, groups of animals were
killed and the specific mRNA in the soleus muscles was measured as described
ebove. Our results show that the level of mRNA for the a-subunit is just
detectable in Innervated muscles by Northern blot aml{sis and is easily seen on
slot blots. By 1 day post-denervation, an approximate { 10-fold increase per
myscle is already apparent. The increase reaches a peak at 3 » and then
plateaus for the remainder of the 12 day period examined (Fig. 5).
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V2 next compared the effects of blockade of quantal ACh transmissfon using
botulinum toxin, with those of denervation. In two series of experimsnts. soleus
muscles of 50 female Sprague-Dawley rats were injected with 1.5 x 10-% gm of Type
A botulinum toxin in 30 pl of Ringer solution. Fifty soleus muscles were
denervated by sciatic nerve section and avulsion. Groups of rats were killed,
and the soleus muscles were removed at intervals of 1 1/2 to 7 1/2 days later for
measurement of mRNA. Control (innervated) muscles were also removed and assayed

at the same times.

The results in the two series of experiments were closely similar. The rise
of mRNA following denervation was much more rapid than that following botulinum
toxin treatment. By 1 1/2 days after treatment, the specific sR¥A had risen
more than 7-fold in the denervated muscles, and slightly less thar 4-fold in the
botulinum-treated soleus muscles. The AChR-mRNA level peaked by 2 1/2 days after
denervation, and plateaued thereatter. By contrast, the specific AChR-mRNA
levels in the botulinum-treated muscles consistently lagged behind those in the
devervated muscles until the 7 1,2 day time point, when they reached nearly the

same levels (Fig. 6).
Interpretation:
These results are interpreted as follows:

Denervaticn recults in an increase of mRNA for the a-subunit of AChR,
confirming results published by other laboratories (Merlie et al., 1984; Goidman

et al., 1985).
Blockade of quantal ACh release by botulinum toxin produces a denervation-

1{ke increase in mRNA for the ACh receptor (a-subunit).

This increase lags behind that produced by surgical demervation.

Control experiments showed that botulinum toxin's blockade of quantal ACh
release is maximal by 3 hours, producing complete paraiysis to slectricai
stimylatior Our experiments were carrisd out so as to faject the muscles with
BOT at least 4 hours earlier than the surgical densrvation {8 the comparabdle
muscles; therefore, the lag in increase of mRNA canrot be attributed to delayed

onset of ACh blockade by BOT,
Thus, the effect of botulinum toxin 13 similar, but not equivalent, to that

of denervation. :

Since botulinum toxin blocks the quantal release of ACh from motor nerve
cndin?s. but does not block non-quanta release, this suggests that the
no;vo s regulatory effect may be mediated by both quantal and nom-quantal ACh
release.

We plan to test the effects of total blockade of quantal and non-quantal ACh
transmission, using a-BuTx.

Finally, these rasults demonstrate that the measurement of mRNA by the slot
blot technique 13 an appropriately sensitive method for detecting even moderate
changes in regulation of AChR metabolisa.

Thus far, we have measured only the oRNA for the a-subunit of AChR. We have

now obtained, and are presently preparing labeled cDNA probes for the 8- and
delta-subunits in addition. We plan to compare the effects of denervation and
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ACh >dlockade, using these probes as well, since the B- and delta-suburit mRNAs
may reflect the neural influence differently, and perhaps more sensitively than
the a-subunit.

Experiment 2: The role of cations, messengers, and neurotransmitters in the
regulation of AChR synthesis, in vitro.

During the past year, we have begun to carry out experiments to determine
whether certain innervation-like treatments with cations and neurotransmitters
can down-regulate the amount of mRNA for the a-subunit of AChR.

Previous studies in our laboratory (Pertronk and Drachman, 1987) have shown
that the cations lithium, calcium and sodium, can down-regulate the expression of
AChRs on the surface of myctubes in muscle culture. There is evidence that the
ACh aralogue carbachol and the phorbol ester TPA may also down-regulate
extrajunctional AChRs, similar to the effect of innervation. Using the cDNA
protes, we are now able to examine these questions more precisely, earlier, and
at & more fundamental level (at the level of mRNA rather than insertion of a
surfaca protein).

Methods: Thus far, we have carried ovt two preliminary sets of experiments
using these agents in muscie cultures. Rat muscle cells were grown in culture
dishes under standard conditions (controls), or with the addition of 1.5 mM
Tithium plus 0.1 1M A23187 (fonophore); 100 yM carbathol; or the phorbol escer
160 x 10-9M TPA, for 24 hours. The muscle cells were then removed from the
dishes and the mRKA for the a-subuait of ACaR measured as described above.

Control w'periments have shown that these agents do not damsge the cultured
muscie cells, as ass2ssed by the criterta:

1. Morphaiogy, using phlse micreicudy.

2. Heasursment of total pretein per culture dish (Lowry method).

3. Mmasurement of craatine kinase (CX) specific for skgletal muscle.

4. Protein synthesis, as measured by incorporaticn of JH-leucine.

Results: Results of these preliminary experiments (Fig. 7) show that each
of thase three treatments causes a reduction of the specific mRNA for the a-
subunit of the AChR.

These preliminary findings add support to the concept that ACh transmission
and entry of cations 1nto muscle cells may serve the "neurotrophic® function of
down-regulation of synthesis of extrajunctional AChRs,

Task 7. To determine whether ACh transmission plays a role in maintenance of
stability o

We and others have previously showm that stable junctional AChRs are
degraded slowly provided that the muscle remains innervated. Following
denervation, aftar ¢ lag period, the rate of degradation of pre-existing
Junctional AChRs becomes accelerated (Stanley and Drachman, 1981; Bevan and
Steintach, 1983; Salpeter and Loring, 1985). This experiment is designed to
d:t:hr:im“-:;mr ACh transmission plays a role fn maintenance of the stability
0 se s.




Methods: ¢re-existing AChRs in the flexor digitorum brevis (foﬁg muscles
of female Swiss mice were labe’ed by bilateral injertions of 0.5 ug [-a-Bulx.
Five days later, when only stable AChRs remained (since all the labeled RT0s had
been degraded), they were eTther a) denerv%ed surgically, or b) 1njectf8
repeatedly with botulinum toxin (1.5 x 10~1U gm on day 0, and 1.0 x 10~%0 gm on
days 5, 12 and 19) to block quantal ACh transmission. Groups of mice were killed
at intervals of 0 to 29 days, and the radicactivity bound to junctiona: AChRs

measured by gamma counting.

Results: Thus far, we have carried out two sets of prelisisary experiments:
one to determine the time course of denervation-accelerated degradation of
Junctional AChRs in the FDB muscles, and the second to examine the effect of
botulinum treatment. These preliminary studies have used approximetely 70 white
Swiss mice. The initial findings (Fig. 8) suggest the followiag: :

In the FDB muscle, denervation fnduces accelerated degradation of stabie

AChRs beginning by about day 12. ,
Botulinum toxin treatment (i.e. - blockade of quantal ACh transmission)

induces accelerated degradation of stable AChRs in the FOB muscle.
The onset of this effect is delayed, compared to that of denervetion. It
appears to begin 20 days after hﬂfhfion of botulinum treatment!
This suggests that ACh transmission plays an isportant role in the
ver, quan ramsission
appears no account for the entire effect of the nerve on AUhR stability.
We plan to repeat these experiments. We will use the FDB muscle as well as

another muscle in which accelerated degradation of stable AChRs occurs earlier
after denervation (e.g. - the sternomastoid or the soleus). If the present

results are confirmed, we will next evaluate the effect of complcte blockade of
uantal plus non-quantal ACh transmission, uting o-BuTx, e anticTpate that this
strategy should reproduce exac mne-coursa of the effect of danervetion on
stable junctional AChRs. , e
Task 7a: Mobility of Junctional AChRs: Movemant induced by merve terminal
outgrowth.

This study was undertaken tu examiane another aspect of the turnover of

stadble junctional AChRs: 1{.e. - their ability to move during merve terminal
outgrowth. It relates directly to the influenca of ACh transmission cn turnover

of stable AChRs.

It 1s well known that blockade of ACh release by botulimum toxin rasults in
sprouting of nerve terminals (Duchen and Stritch, 1968). More recently, we have
shﬁ Eﬁnf the post-synaptic membrane also enlarges mm&_.um process, ac shown
by combined silver-cholinesterase staining (Pestronk and Orachmen, 1978, 1985).
In this study, ve have tested two hypotheses: a) that the ACM-containing crea
of the junction may also enlarge; and b) that pro-cxistin‘ stable AChRs might
become mobfle, and actually move within the postjunctional mesbrane, during the
process of nerve terwminal sprouting (Yee and Pestronk, 1987).

Methods:
BotuTTnum toxin injections: To induce sprouting, Type A botulinum toxin,

-
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dfluted in mammalian Ringar solution (1.2 x 10=9 gm in 30 p1) was injected
directly into the surgically exposed soleus ruicles of adult female Sprajue-
Dawley rats.

Immunocytochemical staining of AChRs: This method depercs on the binding of
a-BuTx to AChRs, followed by immunocytochemizal staining of the a-BuTx. We
either: a) labeled the AChRs in vivo, by direct intramuscular injection of 2 ug
of a-BuTx in 30 pl of Ringer 3olution; or b) labeled the AChRs in vitro by
incubating cr ostat-cut longitudinal sections of frozen muscle with 0.2 yg/ml a-
BuTx. The remainder of the femunccytochemical staining procedure is described
elsewhere (Yee and Pestronk, 1987), and depends on the use of a specffic rabbit
anti-a-BuTx antibody followed by u standard PAP staining procedure.

Pre-existing AChRs: To fo!low the movement of pre-existing stable AChRs,
the receptors were first labeled with a-BuTx 1n vivo as above, and treated with
botulinum toxin to induce sprouting 3 days later, when virtually all the
remaining labeled receptcrs were stable AChRs (see above, task 2).

New AChRs: To demonstrate newly inserted AChRs, we ftirst blocked pre-
existin gcnas with c-BuTx, 6 days after treatment with botulinum toxin. One day
later, 125]-a-BuTx was inlected into the same muscle, to label new AChRs that had

subsequently been inserted.
Staining of Neuromuscular Junctions: Cholinesterase at neuromuscular

Junc;icms was stained as previously described (Pestronk and Orachman, 1978,
1985).

Results and Commenis: Tha outstanding results of this study showed that:

The AChR-contining postsynaptic membrane enlarged from a normel value of 39
t 0.8 un in lergth, te 51 ¢ 1 m lorg within 7 days after botulinum toxin
treaiment.
, Pre-existing AChRs participated in the eloagatiom, dcviag cutward to
accompany the sproutifrg nerve tyrminals (Flg. 9). o .

In addition, new AChRS were addsd througiout the entire length of the
enlarged junctions.

These findings show that inhibition of ACh transmission can result in: a)
enla nt of the AChR-containing postsynaptic membrane at the neuromuscular
Junction; and b) striking movement o pru-existing stable AChRs,

This work provides an {ndependent new line of evidence that ACh transmission
plays an important role in maintencnce of the itability of junctional AChRs.
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Degradation of AChRs in sternomastoid muscles. Tha left sternomastoid
muscle was labeled by direct TnJection of ;fal-c-&mt. At intervals
from 3 hours to 19 days later, groups of mice were killed, and the
endplate-specific radioactivity was counted. Bound radioactivity is
expressed as a percentage of the endplate counts present at zero time
éa hr after labeling). Note initial rapid loss of radioactivity
attributable to RTOs), followed by a steady slower rate of loss (of
stable AChRs). Inset - loss of RTOs after contribdution of stable AChRs
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. . ~

\
i




«27-

llOr

231.¢-BuTx bound 10 L/R SM Muscle (%)

Fig. 2 Denervation prevents stabilization of junctional AChRs. Stermomastoid
- [SRY muscles of mice were treated to produce neuromuscular junctions P
: with enhanced populations of RT0s. The left $!zpusclc was denervated
on day -1, and both suscles were labeled with “““l-a-BuTx on day 0.
Mice were killed at daily intervals, the radicactivity remaining bound
to each SM muscle was counted, and the radioactivity to
denervated (left) muscle was expressed as a gorcnntngt of the
radioactivity bound to the innervated (right) msscle for each mouse.
Means 3 are shomn. Note that there was a significant deficit in
bound ““°1-a-BuTx (i.e. - AChRs) in the denervated muscles by 24 hours

after labeling (p < 0.002).
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thesis of turrover of AChRs at

ynthes , dssembled and inserted at the neuromuscular
Junction from a single source, contributing to the pool of RT0s. The
majority of RTOs are lost through degradation. A fraction of RT0s are
modified as a result of some action of the motor nerve, and join the
pool of stable AChRs.




Fig. 4

=29~

\
"
i
\
\
¢ . . . .
. R A . . T L. .
. . - . . W e . L
T AR s g e e
. SR A N T RN -
= .
~a
.
0_.
-
P
N ot
N
B
-,"
- e
. .
e ' 3 -t v
! v
’. : A
. . ce 1
t .
. R .
) . R
- e [ .-, '\ .
v 4 P .-...‘. . ) ‘.
Ve . . )
LM . o - e
' 4, - .
Y. . .
L ~
. LA ”~
N
! -
4

Effect ot denervation and botulinum toxin treatment om a-subunit mRNA,
rthern blot s g hybridization of a-su against soleus
muscle RMA, Lanes 1A and 1B have 20 pg RNA per well, lanes 2A-3B have
10 pg RNA, 1A: 24 hours after denervation: 18: 24 howrs after BOT
injection; 2A: 48 hours after denervation; 28: 48 hours after BOT
injection; 3A: 96 hours after denervation; 38: 96 hours after BOT

injection.

Note that at all time points the increase of AChR-mRNA is ater for
denervation than for botulinum treatment. Also, hybridiugon reveals
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Fig. § Time _course of the effect of denervation of a-subunit mRNA levels.

were rva y avulsfon o sclatic aerve, and RNK was
extracted from the soleus muscle at the indicated times. Each point
represents the asan ¢+ S.D. for 8-10 suscles. sRNA was estiusted from ‘
the measured density of the sutoradiograph of a Northern blot, which s
proportional to the mRNA of the a-subunit. Results based on the Q-
subunit =RNA per microgram of total RNA, and are expressed as scanner
units. Note the rapid rise, and subsequent platesu.
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Fig. 6 Effect of denervation and botulinum toxin treatment on s-subunit mRNA

Tevels over time.
Rats were denarvated by avulsion of the sciatic merve, or injected with

botulinum toxin. Total RNA was extracted from the soleus muscle at the

indicated times. Each point represents the mean 2 $.D. of 5§ muscles, —_—

except for control points, which are the mean of 2 muscles. mRNA

levels were estimated by scanning densitometry of sutorsdiograms of
Northera blots. Results are given in terms of a-subuait mRNA per whole
auscle (A); or in a-subunit per pg total RMA (B) (expressed in :
arbitrary scanner units).
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Note the decrease of a-subunit miNA produced by these treatmants (see

text, Task 4a.
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Lengths of clusters of preexisting ACiPs in botilinua-treated and control
suscles. ? T o

"PreexTsting” junctional AChRs were labeled with a-BuTx in vivo 3 days before
treatment of soleus muscle with botulinum toxin. The muscies wers removed and

studied another 7 days later. Control muscles were labeled with a-BuTx but not . -

treated with botulinua, At least 40 AChR clusters per muscle were mpasured.
The histograms were drawa using 436 AChR clusters from 8 botulinum-treated
muscles and 412 AChR clusters from 8 control muscles.

Nots the Increased population of longer junctionz) AChR clusters im botulinum- -
treated muscles. The mean length of clusters of “preexisting” junctional AChRi
was 53 ¢ 2 um for botulinum-treated muscles compared with 44 £+ 1 m for control
nusclc;. t'n;u;. preexisting AChRs are redistributed during NMJ elongation (see

text, Task 7a).
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